OBJECTIVEdTo investigate the association of lipoprotein-associated phospholipase A 2 (LpPLA 2 ) mass and activity with incident cardiovascular disease (CVD) in a population with high prevalences of insulin resistance and diabetes, conditions for which epidemiological data remain sparse.
RESULTSdLpPLA 2 mass and activity were moderately correlated with each other (r = 0.30), but only LpPLA 2 activity exhibited moderate correlations with lipid fractions. After extensive adjustment for covariates, both LpPLA 2 measures were significantly associated with incident CVD, but the relationship was inverse for LpPLA 2 mass (highest versus lowest tertile, relative risk [RR] 0.55 [95% CI 0.39-0.79]) and positive for LpPLA 2 activity (highest versus lowest tertile, 1.65 [1.12-2.42]). These associations were similar when participants with and without diabetes were examined separately.
CONCLUSIONSdIn this population-based cohort enriched with dysmetabolic phenotypes, LpPLA 2 mass and activity showed divergent associations with CVD. The inverse relationship for LpPLA 2 mass is contrary to observations from predominantly nondiabetic populations and will require independent replication. Whether this finding relates to redistribution of LpPLA 2 to lipoprotein classes where it is less atherogenic or reflects incomplete measurement of LpPLA 2 mass associated with altered lipoprotein composition in insulin resistance warrants further investigation.
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R ecognition of the seminal role of inflammation in atherogenesis (1) has led to a search for key molecular drivers of the vascular inflammatory response as potential therapeutic targets or markers of prognosis in at-risk individuals. One such candidate is the enzyme lipoprotein-associated phospholipase A 2 (LpPLA 2 ), a secretory product of inflammatory cells that binds primarily to apolipoprotein B-containing lipoproteins such as LDL (2) . Because excess LDL accumulates within the subendothelial space during atherogenesis, LpPLA 2 function may have particular specificity for inflammation within the vascular compartment (3) .
LpPLA 2 catalyzes the hydrolysis of oxidized phospholipids to lysophosphatidyl choline and oxidized, nonesterified fatty acids, mediators that can trigger inflammatory cell activation and retard clearance of apoptotic cells within the atheroma's necrotic core (4) . Such proinflammatory actions would act to foster progression of atherosclerosis and plaque instability (4) . The pathophysiologic role of LpPLA 2 in atherosclerosis remains controversial, however, because the enzyme's removal of proatherogenic oxidized phospholipids can itself have an atheroprotective effect (3) . Moreover, in vitro LpPLA 2 can also hydrolyze platelet-activating factor (PAF), which is a potent mediator of thrombotic, allergic, and inflammatory responses (3) . Although degradation of PAF would serve an anti-inflammatory function, the extent to which LpPLA 2 can effect PAF breakdown in vivo remains uncertain (3, 4) .
Against such experimental observations is a large body of epidemiological studies that have predominantly found a positive association between LpPLA 2 mass and activity and cardiovascular outcomes (5) . Few studies to date, however, have addressed the link between LpPLA 2 and clinical events in populations with high prevalences of insulin resistance and diabetes, disorders where vascular inflammation and oxidative stress are particularly pronounced (6) . We examined the relations between LpPLA 2 mass and activity and incident cardiovascular disease (CVD) in a population-based cohort of American Indians enriched with dysmetabolic phenotypes.
RESEARCH DESIGN AND METHODS

Study population
The Strong Heart Study (SHS) is a population-based longitudinal survey of CVD in 13 American Indian communities, as detailed previously (7) . Herein, we conducted a nested, case-control study of participants without prevalent CVD or dialysis dependence at the second SHS exam (n = 2,941). Prevalent CVD comprised definite coronary heart disease (CHD), definite stroke, congestive heart failure (CHF), and atrial fibrillation. The second SHS exam entailed clinical and laboratory evaluation between 1993 and 1995, as previously described (7) . Case subjects consisted of 504 participants who developed CVD during follow-up through December 2003. Control subjects included participants who remained free of clinical CVD during this period and were frequency matched (1:1) to case subjects by age, sex, and diabetes status.
Definition of clinical variables and determination of end points
Hypertension was defined as blood pressure $140/90 mmHg or antihypertensive therapy, diabetes as fasting glucose $126 mg/dL or glucose-lowering treatment, and BMI as the ratio of weight (kilograms) to the square of height (meters). Metabolic syndrome was defined according to National Cholesterol Education Program criteria (8) . Homeostasis model assessment of insulin resistance (HOMA-IR) was calculated as fasting insulin (mU/mL) 3 fasting glucose (mmol/L)/22.5 (9) . Insulin resistance was defined according to a previous classification scheme as BMI .28.9 kg/m 2 and HOMA-IR .4.65, or BMI .27.5 kg/m 2 and HOMA-IR .3.60, among participants without diabetes (10) . Glomerular filtration rate was estimated (eGFR) using the modification of diet in renal disease equation (11) .
The primary end point of major CVD events was defined as definite, nonfatal myocardial infarction (MI), CHD, or stroke and cardiovascular death. Criteria for nonfatal CVD events have been previously described (7) . Deaths were identified, verified, and classified as attributable to CVD if caused by MI, sudden death from CHD, stroke, or CHF using standardized procedures (7).
Laboratory methods
LpPLA 2 mass and activity were measured at the SHS Core Laboratory in serum samples stored at 2808C. In prior studies (5), determinations of LpPLA 2 mass and activity after long-term storage have yielded values whose distributions and correlations to other analytes have been consistent with recently drawn samples. LpPLA 2 mass was measured in duplicate from May to September 2008 on never-thawed specimens by ELISA (PLAC III; diaDexus, Inc.). The intra-assay and interassay coefficients of variation (CVs) were both 8%. These were determined by testing four human serum pools with LpPLA 2 concentrations distributed throughout the assay's calibration range. For intra-assay CV, the samples were tested 20 times on one plate. For interassay CV, the samples were tested in duplicate, two separate assays per day, for 5 days. In view of the unexpected association with CVD observed for LpPLA 2 mass, additional funding was requested for determination of LpPLA 2 activity, which was measured in the same samples previously thawed once for the LpPLA 2 mass determinations. LpPLA 2 activity was measured in singlicate in January 2011 using a colorimetric assay (diaDexus, Inc.) for hydrolysis of labeled PAF (GlaxoSmithKline, Research Triangle Park, NC). Intra-assay CVs were 1.3 and 0.8%, whereas interassay CVs were 2.0 and 1.0%, for low and high activity standards, respectively.
The concentrations of high-sensitivity C-reactive protein (hsCRP) and fibrinogen were determined by ELISA (12) and a modified Clauss method (13), respectively. HbA 1c was assessed by high-pressure liquid chromatography (14) . The urine albumin/ creatinine ratio (UACR) was obtained from a single spot urine (7) . Lipoprotein (a) mass, measured by immunoassay during the first SHS exam, was available in 710 participants (15) . ) and macroalbuminuria (UACR $300 mg/g). All analyses were conducted with SPSS version 19.0 (SPSS Inc., Chicago, IL).
Statistical analysis
RESULTS
Baseline characteristics
Of the 504 case subjects, 239 had fatal/ nonfatal MI, 90 fatal/nonfatal stroke (87 ischemic), and 12 both; 175 had fatal/ nonfatal CHD, 4 fatal CHF, and 8 other fatal CVD. Overall, 56.8% of the study cohort was obese; 72.6% had the metabolic syndrome; 21.1 and 65.5% had impaired fasting glucose and diabetes, respectively; 17.2 and 2.7% had eGFR ,60 and ,30 mL/min/1.73 m 2 ; and 26.7 and 18.3% had micro-and macroalbuminuria. Diabetic participants had median HbA 1c of 8.6% and duration of diabetes of 10 years; 33.6% were on insulin therapy. Of those without diabetes, 59.1% were insulin resistant. These and other characteristics are presented in Table 1 according to case/control subject status. Case subjects were similar to control subjects in age, sex, and diabetes as a result of frequency matching, but had greater hypertension, current smoking, insulin use, and duration of diabetes than control subjects. Case subjects also had higher lipids, serum creatinine, UACR, and fibrinogen. Correlations between LpPLA 2 measures and baseline covariates are shown in Table 2 . For LpPLA 2 mass, there were modest positive correlations with total cholesterol and hsCRP in women, and with LDL in men. Men also exhibited modest negative correlations between LpPLA 2 mass and systolic blood pressure, serum creatinine, UACR, and, as did women, diabetes duration. In turn, LpPLA 2 activity showed modest positive correlations in women with age and HbA 1c , and modest negative correlations with BMI and hsCRP. In men, the correlations of LpPLA 2 activity with BMI and waist circumference were instead modestly positive, whereas for systolic blood pressure and fibrinogen, they were modestly negative. Men without diabetes showed a moderate positive correlation for LpPLA 2 activity with HOMA-IR, but those with diabetes exhibited a moderately negative correlation with diabetes duration. Moreover, there were moderately strong, positive correlations in both sexes between LpPLA 2 activity and total cholesterol, LDL, triglycerides, and total/ HDL cholesterol, along with a moderate negative correlation with HDL. These correlations tended to be stronger in men than women. Furthermore, the correlations between LpPLA 2 mass and LpPLA 2 activity were moderate in both sexes.
When correlations were examined in subgroups with and without diabetes (Supplementary Table) , modest correlations were observed only among diabetic participants for LpPLA 2 mass with hsCRP (positive), and with UACR, HbA 1c , and diabetes duration (negative). By contrast, LpPLA 2 activity showed a modest negative correlation with hsCRP and fibrinogen, though not HbA 1c in diabetic subjects, but was again negatively correlated with diabetes duration. LpPLA 2 activity was also modestly negatively correlated with UACR in nondiabetic subjects, in whom its correlations with lipid fractions tended to be stronger than among diabetic participants.
We next tested whether the associations of LpPLA 2 mass or activity with LDL, HDL, and total/HDL cholesterol, hsCRP, HbA 1c , and UACR were modified by diabetes status in age-and sex-adjusted linear models. There was no significant effect modification by diabetes (P $ 0.13) except in the case of LpPLA 2 activity's relation to total/HDL cholesterol (P = 0.007), for which the partial coefficient was modestly higher for nondiabetic than diabetic participants (r = 0.59 vs. 0.47). These findings were not influenced by diabetes medications. Table 3 shows the relationship between tertiles of LpPLA 2 mass and major CVD. There was a significant inverse association across increasing tertiles of LpPLA 2 mass with incident CVD after adjustment for matching variables, which persisted after controlling for other clinical and laboratory covariates. After full adjustment for potential confounders, there was a 33% lower RR of CVD for the middle versus the lower tertile (P = 0.022), and a 45% lower risk for the upper versus the lower tertile (P = 0.001). Findings were similar (Table 3) . For ischemic stroke, risk estimates were also suggestive of a negative association, but there was lack of precision reflecting fewer events.
LpPLA 2 mass and outcome
Likewise, when analyses were stratified by diabetes status, there was an inverse association among diabetic participants that was comparable to that seen overall ( Table 4) . The relationship was similar among participants without diabetes at different levels of adjustment, although it became nonsignificant after inclusion of HOMA-IR. To further assess the influence of dysglycemia on the inverse relationship, we explored the age-and sex-adjusted association among participants without diabetes or insulin resistance. As in nondiabetic participants, risk estimates were attenuated as compared with age-and sex-adjusted values in diabetic subjects, albeit with broad 95% CIs.
LpPLA 2 activity and outcome
As also shown in Table 3 , LpPLA 2 activity manifested the opposite association with incident CVD, with a significant graded increase in risk across increasing tertiles. The association was attenuated after adjustment for clinical and laboratory factors, but there was still a 65% higher risk of major CVD for the upper tertile in the fully adjusted model (P = 0.012). These findings were not meaningfully altered with consideration of waist circumference, total/HDL cholesterol, or eGFR as alternative covariates. Nor did adjustment for additional baseline covariates or exclusion of participants with kidney disease materially affect results.
The association of LpPLA 2 activity with MI alone was also positive, with numerically stronger risk estimates than for the composite CVD end point (Table 3) . A stronger positive association was also present for ischemic stroke, but precision was again low.
Among diabetic participants, the association between LpPLA 2 activity and major CVD was similar to the entire cohort's. The risk estimates strengthened, however, with further adjustment for diabetes duration, HbA 1c , and diabetes medications. Likewise, a significant positive association was observed in the nondiabetic subset after adjustment for matching factors. The relationship was attenuated and ceased to be significant, however, with more extensive adjustment in this smaller subgroup or in its subset without insulin resistance.
CONCLUSIONS
Main findings
In this cohort with high prevalences of glycometabolic abnormalities, we found paradoxical associations between LpPLA 2 mass and activity and first-ever CVD. Specifically, LpPLA 2 mass and LpPLA 2 activity showed directionally opposite relationships with incident CVD, wherein LpPLA 2 mass was inversely associated, but LpPLA 2 activity was positively associated, with this outcome. These associations did not show significant differences between subgroups with and without diabetes and were, moreover, directionally consistent for the component end points of MI and ischemic stroke. A second study also examined the prospective association of LpPLA 2 mass and activity with CVD specifically in a diabetic subset (17) . In this sample of mostly white older adults from the Cardiovascular Health Study, no significant association between LpPLA 2 mass or (17) . Data from the above investigations, however, were included in the LpPLA 2 Studies Collaboration, a meta-analysis of prospective studies that also evaluated cohorts with prevalent CVD (5). Pooling of the findings from diabetic participants across studies (n = 8,427 participants; 18% of total) revealed a significant positive association between LpPLA 2 mass and CHD (RR 1.16 per SD [95% CI 1.05-1.28]), which was comparable to that observed in the larger sample without diabetes (5).
Potential explanations for findings
The inverse association between LpPLA 2 mass and CVD detailed here is unanticipated. Not only is it divergent from the positive relationship documented for LpPLA 2 activity in the same cohort, but also runs counter to available epidemiological evidence of positive or null associations (5). Such evidence, however, comes from the predominantly nondiabetic populations of European descent included in the LpPLA 2 Studies Collaboration, although subgroup analysis of diabetic participants showed a consistent association (5). Our American Indian population differs from such cohorts in its greater severity and duration of diabetes, and in its predominance of women, rather than men. The current study also excluded prevalent CVD, which did not significantly influence the overall associations of LpPLA 2 mass with outcomes in the above meta-analysis but was associated with higher risk estimates, particularly for vascular death (5) .
A central consideration in attempting to account for our findings is that, much as LpPLA 2 function is closely dependent on the type of lipoprotein to which it is complexed (18, 19) , the measurable fraction of LpPLA 2 mass may vary for different lipoprotein particles (19) . Specifically, immunoassay methods for determination of LpPLA 2 mass appear not to detect all active enzyme in LDL, as they do for HDL (19) . The same problem, however, does not apply to LpPLA 2 activity, plasma measurement of which is not influenced by its companion lipoprotein.
Approximately 75% of plasma LpPLA 2 circulates bound to apolipoprotein-Bcontaining particles, principally LDL, with the remainder associating with HDL. Furthermore, the enzyme has particular affinity for smaller LDL particles (20, 21) , levels of which are increased in the setting of insulin resistance and type 2 diabetes (22) . We observed that LpPLA 2 mass, but not activity, was lower in participants with diabetes than without in our cohort, consistent with prior findings from the LpPLA 2 Studies Collaboration, which also documented lower levels of LpPLA 2 mass in diabetic individuals (5) . Because redistribution of LpPLA 2 to small LDL particles might amplify its proatherogenic effects, yet make enzyme mass less available for detection by immunoassay, such redistribution could provide an explanation for the divergent associations observed for LpPLA 2 mass and activity. The higher the absolute level of small LDL particles and the proportion of LpPLA 2 complexed with them, the lower the measurable concentration of LpPLA 2 mass but the greater the measurable LpPLA 2 activity, and with it, the heightened atherogenicity resulting from increased concentrations of LpPLA 2 -small-LDL complexes. This explanation might seem at odds with the weak correlation between LpPLA 2 mass and total LDL observed here in men only, but LpPLA 2 mass, unlike activity, has been reported to be a poor measure of smaller LDL particles (19) . Lower levels of LpPLA 2 mass were also reported in a cross-sectional comparison of patients with diabetes and healthy control subjects who underwent determinations of carotid intima-media thickness (23) . Of further relevance to our findings, LpPLA 2 mass (activity was not measured) was positively associated with carotid intima-media thickness in control subjects, but not among diabetic patients (23) . Previous studies have documented a redistribution of LpPLA 2 toward HDL in the setting of diabetes (19, 24) , and the observation that LpPLA 2 mass was lower in diabetic than nondiabetic subjects for any given level of total/HDL cholesterol was deemed consistent with such redistribution as a potential explanation for the findings in that study (23) . Redistribution of LpPLA 2 to HDL is difficult to invoke as an explanation for our results, however, given the nonexistent correlation documented between LpPLA 2 mass and HDL. The lack of correlation between LpPLA 2 mass and lipid fractions in our cohort remains puzzling, and suggests the need for future studies to isolate lipoprotein subclasses and determine their respective LpPLA 2 content in the context of dysglycemia.
An additional consideration is that determination of LpPLA 2 activity is based on the rate of hydrolysis of PAF in vitro, yet several other plasma enzymes, such as lecithin-cholesterol acyltransferase, are capable of hydrolyzing PAF (25) . Because such catalytic activity may be upregulated in the setting of heightened oxidative stress (26) , a hallmark of insulin resistance and diabetes (6) , it is possible that the disjunction between the associations of LpPLA 2 mass and activity observed here could reflect contributions of enzymes beyond LpPLA 2 itself.
Apart from these possibilities, we considered the potential influence of The premise that the inverse association with CVD observed for LpPLA 2 mass relates to the dysmetabolic phenotype of our population is partly supported by the negative, if modest, correlations observed for LpPLA 2 mass with HbA 1c and disease duration among diabetic participants. Although the inverse LpPLA 2 mass-CVD relationship was attenuated in the subgroup without diabetes and insulin resistance, the RRs were still ,1.0, which does not provide evidence of a strong gradient across categories of dysglycemic severity. Yet even the nondiabetic, noninsulinresistant subgroup was characterized by considerable prevalences of impaired fasting glucose (43.1%), metabolic syndrome (16.8%), eGFR ,60 mL/min/1.73 m 2 (13.1%), and albuminuria (12.4%). These observations suggest that not only hyperglycemia per se but also insulin resistance and oxidative stress, or other as yet undefined factors, may be responsible for the findings in this cohort.
Limitations
Several limitations must be acknowledged. First, we did not have determinations of lipoprotein subclasses, or apolipoprotein levels themselves, which could have helped to elucidate the basis for the associations observed. Second, despite a focus on atherosclerotic/thrombotic events, we did include fatal CHF in the primary end point to avoid misclassification of deaths from unrecognized ischemic CHF. This was a minor constituent of the primary outcome, however, and relations with specific atherothrombotic components proved directionally consistent with the main results. Last, our findings derive from a population of American Indians with more pervasive and severe glycometabolic abnormalities than studied heretofore. These results at the upper end of the cardiometabolic risk spectrum are at variance with the preponderance of existing data for LpPLA 2 mass and do not necessarily apply to other ethnic groups. Nevertheless, many prior reports from SHS (29) (30) (31) have yielded risk factor associations that have been subsequently confirmed in other populations at high cardiometabolic risk.
In this cohort of American Indians with highly prevalent glycometabolic disturbances, LpPLA 2 mass and activity exhibited opposite relationships with incident CVD. LpPLA 2 mass showed an inverse independent association and LpPLA 2 activity a positive independent association with this outcome. The present findings in a cohort enriched with dysmetabolic phenotypes are of particular importance in light of the widening epidemics of obesity and diabetes affecting modern societies (32, 33) , and will require independent replication in similar populations. In the context of ongoing randomized trials assessing the potential clinical benefits of pharmacologic inhibition of LpPLA 2 , our findings support measurement of LpPLA 2 activity, instead of mass, to guide identification of subjects with increased LpPLA 2 -associated risk in view of the greater consistency of its relationship with CVD across the spectrum of cardiometabolic risk.
